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DEVELOPMENT OF A 3400 WATT
PROGRAMMED DC POWER SUPPLY
PROVIDING STATIC AND DYNAMIC
SOLAR CELL ARRAY SIMULATION

by

Paul Knauer

ABSTRACT

The primary objective in the design of the solar-cell array sim-
ulator was to provide a source of d-c power which would be sim-
ilar, both statically and dynamically, to the output of a solar-
cell array. To accomplish the latter, a large number of parallel
power transistors operated as a Class-A series regulator were
employed as the main controlling element. The solar-cell array
volt-ampere characteristics were obtained by utilizing a diode
function generator. The simulator operates in a closed-loop
mode incorporating both voltage and current feedback. The re-
sulting transient response obtained in the simulator is in the
order of 50 microseconds.
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DEVELOPMENT OF A 3400 WATT
PROGRAMMED DC POWER SUPPLY
PROVIDING STATIC AND DYNAMIC
SOLAR CELL ARRAY SIMULATION

by

Paul Knauer

Westinghouse Electric Corporation
Lima, Ohio

SUMMARY

The purpose of this project was to develop a programmed d-c power
supply capable of reproducing both the static and the dynamic
characteristics of a solar-cell array. Simulation of the static
characteristics was straightforward. The volt-ampere character-
istics were determined by a diode-resistor function generator.
Simulation of the dynamic characteristics, however, was one of
the major design problems.

In order to obtain a transient response similar to that of a
solar-cell array, a number of parallel power transistors were
operated in a Class-A series regulator mode. This configuration
eliminated the need for large filters normally associated with
pulse-width-modulated control elements, and their inherent slow
response. Consequently, the response time exhibited by the com-
plete simulator was approximately 50 microseconds.

The quantity of parallel transistors was determined by the maxi-
mum power dissipation requirement of the supply, in this case
2500 watts. An efficient heatsink assembly utilizing forced-air
cooling was used to minimize the number of transistors to 25.

Good engineering practice dictated that the simulator should be
self-protecting. To this end, a power sensor was employed in a
unique configuration which electrically maintained the power
transistor dissipation below a safe value.




INTRODUCTION

The primary objectives of contract NAS3-7920 were twofold.

1. To develop power conditioning equipment to control and
operate a Cesium Electron Bombardment Ion Thrustor Sy-
stem capable of operating from a solar-cell array en-
ergy source. (See NASA report CR-54672.)

2. To develop a power supply which would simulate, as
closely as possible, the static and dynamic output
characteristics of a solar-cell array, thereby allow-
ing complete systems testing.

1his report covers the second item only.

The completed power supply performs the intended functions well
and, in addition, is self-protecting against static and transient
load conditions of any kind. Illustrations which may be of im-
mediate interest ire:

Figure 1. Output Volt-Ampere Characteristics.
Figure 8. Photograph of Typical Transient Response
Waveforms.

Figure 12. Photograph of Complete Unit.

BACKGROUND

The static output characteristic range and capability which were
to be simulated are shown in figure 1. From this figure, it was
apparent that load currents exceeding 80 amperes could be ex-
pected. 1In order to control currents of this magnitude, a pulse-
width-modulated approach was considered from an efficiency stand-
point. Pulse-width-modulated control may be obtained by using
transistors, while thyristors would perform equally well. 1In
either case, an appropriate L-C filter would be necessary to
provide a smooth d-c output.

The closed-loop frequency response of a system utilizing pulse-
width-modulation is inherently limited by the output filter,
especially when load transients are such as to cause the regula-
tor to attempt operation outside of its control limits, e.g.,

100 percent duty cycle. Attempts to raise the closed-loop re-
sponse by increasing the regulator switching frequency would re-
quire switching in the range of 100-200 kHz. This was considered

to be extremely difficult in view of the present state-of-the-
art.
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To overcome the freguency response limits imposed by an output
filter, a power stage operated in a Class-A mode was investigated.
The response time of a regulator of this type was limited by the
transistors themselves, since an external filter was not required,
and was therefore capable of considerably faster response. The
main objection to this arrangement, of course, was the power Cis-
sipation requirement imposed upon the series control transistor.
Referring to figure 1, dissipation in this transistor, under
short-circuit conditions, is the product of the open-circuit volt-
age and the short-circuit current. In the design under consid-
eration, the product exceeded 5000 watts.

A compromise between the pulse-modulated apprcach and the Class-

A approach, a possible method of reducing this high dissipation,
would be to incorporate thyristor control and Class-A transistor
control in a series mode. In this manner, the transistors would
allow rapid control cver small load excursicns, while the thyris-
tor element with its associated filters would provide the coarse
control required over large load excursions. Since this restricts
the magnitude of the allowed load excursions, the Class-A series
transistor approach was selected as the main controlling element.

THE SIMULATOR POWER STAGE

The simulator was expected to follow closely the solar-cell array
characteristics curing power conditioner tests, especially under
short-circuit current conditions. At times, however, it mey be
desirable to operate two power conditioners from this supply,
although no short-circuit tests would be conducted under these
conditions., Both reguirements are fulfilled by the simulator,

as demonstrated by the characteristics curves shown in figure 1.
In this approach, the power dissipation requirements of the ser-
ies control transistors are held to a minimum by sensing anad
limiting the dissipation with a closed-loop control arrangement.

Thus simulator operation with only one power conditioner, which
would reqguire a short-circuit capability somewhat less than 40
amperes, would not enter the power-dissipation-limit regiocn of
the characteristics curve. The capability of operation with two
power conditioners is also maintained past the maximum- power
point, where normal operation can be maintained.

The transistor power-dissipation capability utilizing this ap-
proach was 2500 watts. A parallel transistor approach was con-
sidered feasible only if the transistors cculd be forced to share
load current. (This was ultimately accomplished by the addition
of a low-value resistor into the emitter circuit of each of the
paralleled transistors to provide sufficient current feedback to
ensure current sharing.)
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In order to employ as few transistors as possible, the transis-
tors were selected on the basis of power dissipation capability.
This required, in general, a transistor with a high current ca-
pacity, since a higher current requires a large semiconductor
chip, which, by its very size, is capable of conducting heat to
the transistor case more rapidly. Consequently, a Westinghouse
type 2N2758 transistor was selected. Rated at 30 amperes, this
transistor can safely dissipate 100 watts at a case temperature
of 100° C. Under these conditions, the transistor junction tem-
perature remains below 150° C, or 25° C below its rated tempera-
ture. Twenty-five parallel transistors of this type were re-
quired to form the main regulator controlling element. These
transistors are designated Q101 through Q125 in the schematic
diagram shown in figure 2. Note that each transistor has an
associated series fuse. Should any of the paralleled transistors
fail shorted, that transistor would attempt to carry the entire
load current. If this were to happen, the 5-amp fuse associated
with the failed transistor would open, thereby removing the tran-
sistor from the line, and providing a visual indication of the
failed transistor.

CONTROL PHILOSOPHY

Transistors Q1 through Q4 provide the current amplification re-
quired to drive the main power transistors with the low-level
signal available from operational amplifier Al.

Figure 3A shows a typical operational-amplifier circuit. It
can easily be verified that, if the gain of the amplifier is
sufficiently high and of the proper polarity, operation of the
circuit can be described by the following equation:

= (RE RE
Eo = (Ri1> E1 + <H2> E)

In Figure 3B, a number of amplifier stages were added to the
output of the amplifier A, but the equation still applies. In
this circuit, however, the power output capabilities have been
greatly increased.

This configuration, although somewhat simplified, is essentially
derived from the schematic diagram, figure 2. Resistor R15 is
the feedback resistor Rf, while R2 is input resistor Ri2. Any
of the potentiometers R20 through R25 are equivalent to input
resistor Rilj. If all the potentiometers just mentioned were
removed from the circuit, then potentiometer R10 would determine

R1l6

the value of Ej, while the ratio <—§7

)would determine the wvalue
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FIGURE 3A. Typical Operational Amplifier Multiplier

'\

1

FIGURE 3B. Simplified Schematic of Power Amplifier




of Eg. Under this condition, the simulator would be nothing more
than a voltage regulator, with Ep remaining essentially constant
regardless of the magnitude of the load current.

THE FUNCTION GENERATOR

Figure 4 represents a simplified schematic diagram of the simu-
lator's function generator. The purpose of this circuit is to
provide a contrecl voltage which will ultimately shape the output
characteristic of the simulator to match that of a solar-cell
array.

The voltage Eg is merely a signal voltage proportional to the

load current I,. As long as the voltages at the taps of Ra and

Rp are less than zero, the voltage Eg remains zero. If either of
the voltages exceeds "zero", or the value of Eg, that voltage would
add to Eg. Thus, the relationship between Ec and the load cur-
rent I in this simplified circuit would approximate the curve
shown in figure 5. It now becomes apparent that a proper choice
of the number of breakpoints as well as the change in slope at
each of the breakpoints can result in a fairly smooth curve of

the desired shage.

The function generator used in the simulator is shown in figure

2 and consists of five breakpoints, determined by potentiometers
R11 through R15. The desired slope associated with each of the
breakpoints is determined by pctentiometers R20 through R25. Any
of these potentiometers may serve as the input resistor, Ri,
shown in figure 3B.

In figure 2, potentiometer R30 serves to control the gain of the
current-sensing circuit, thereby allowing the short-circuit cur-
rent of the simulator to be adjustable.

An interesting phenomena is that the required forward breakdown
voltage of each of diodes CR21 through CR25, normally consicderead
to be a less than ideal characteristic, actually serves to round
off the breakpoints of the resulting function generator output,
such that the discontinuities are not discernakle.

CLOSED LOOP STABILITY

The circuits described thus far form the functional part of the
solar-array simulator, in that all additional circuits perform

auxiliary functions such as rectification, filtering, ancd pro-

tection. These functions are described separately.




- ECC

FIGURE 4. Simplified Schematic - Function Generator

Eg Re
~ Rg + Ry //Rg"

Eg1

Ego

FIGURE 5. Transfer Characteristics of a Two Diode Function Generator




Stabilization of the closed loop was a greater problem than orig-
inally anticipated. An undesired closed loop was formed, for
example, due to the capacitance between the various collector and
base leads of transistors Ql, Q2, and the main power transistors.
This loop caused oscillations within itself, which were eventually
eliminated by reducing the frequency response of these transis-
tors through the introduction of a capacitor across R48.

The main problem, however, was discovered after obtaining fre-
(quency-response curves of the simulator. These curves were ob-
tained by disconnecting resistor R2 from R10 and capacitor Cl6,
then applying a sinusoidal waveform of fixed magnitude to R2.
The magnitude of the resulting waveform at the simulator output
terminals was then measured to obtain the output/input voltage
ratio at varicus freguencies.

The open-loop response curves were obtained without feedback re-
sistor R16, while the closed-loop response curve was cbtained
with R16 in the circuit.

The orijinal open-loop response curve, shown in figure 6, indi-
cated four major breakpoint frequencies. The first, at 300 Hz,
was the result of the operational amplifier Al, a Philbrick type
P65AU. Both the second and the third breakpoints, at 1 kHz and
30 kHz, were due to transistor Q3, a Westinghouse type 2N3430.

2 fourth breakpoint existed in the region of 200 kHz, although
its cause was not determined. Consequently, a gain decrease of
60 db per decade resulted at the 14 db crossover. This caused
closed-loop oscillations of approximately 200 kHz.

The system was stabilized as follows. The Q3 transistor type
2N3430 was replaced with an MHT6310. This eliminated the break-
points at 1 kHz and 30 kHz. Furthermore, a feedback capacitor
was introduced across operational amplifier Al. This lowered the
first breakpoint frequency. Thus, the operational amplifier was
the only frequency limiting component above unity gain. This
resulted in a stable closed loop. The resulting closed loop fre-
quency response curve is shown in figure 6. It exhibits a roll-
off frequency of about 20 kHz, which dictates the frequency re-
sponse capabilities of the simulator. These capabilities are
completely valid only for smaller load excursions, however, since
the operational amplifiers are rate-limited devices. Consegquently,
the 50-microsecond response time indicated in figures 7, 8 and

9 under various load conditions implies a closed-loop roll-off
frequency of only 5 kHz.

The basic criterion for stable closed-loop cperation is to ensure
that a 180° signal phase shift does not occur when the gain is
greater than unity (Odb). This implies that the slope of the
frequency response curve can not be greater than -20db/decade

10
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FIGURE 7A. Simulator
transient response at 1
kHz load switching fre-
quency. Load switches
between 11 and 17
amperes

Horizontal: 0.5 msec/cm
Vertical: 2.0volts/cm

FIGURE 7B. Expansion
of Figure TA during load
application

Horizontal: 50 psec/cm
Vertical: 2.0 volts/em

FIGURE 7C. Expansion
of Figure TA during load
removal

Horizontal: 50 usec/cm
Vertical: 2.0 volts/cm



FIGURE 8A. Simulator
transient response at 1

kHz load switching fre-
quency. Load switches
between 10 and 20 am-

peres

Horizontal: 0.5 msec/cm
Vertical: 2.0 volts/cm

FIGURE 8B. Expansion
of Figure 8A during load
application

Horizontal: 50 usec/cm
Vertical: 2.0 volts/cm

FIGURE 8C. Expansion
of Figure 8A during load
removal

Horizontal: 50 usec/cm
Vertical: 2.0 volts/cm
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FIGURE 9A. Simulator
transient response at 1

kHz load switching fre-
quency. Load switches

between 23 and 28 am-

peres

Horizontal: 0.5 msec/cm
Vertical: 2.0 volts/cm

FIGURE 9B. Expansion
of Figure 9A during load
application

Horizontal: 50 usec/cm
Vertical: 2.0 volts/cm

FIGURE 9C. Expansion
of Figure 9A during load
removal

Horizontal: 50 wsec/cm
Vertical: 2.0 volts/cm



above Odb. The simulator meets these regquirements as shown by
the closed-loop response curve in figure 6.

In order to increase the simulator response time, it would be
necessary to shift the open-loop response curve of figure 6 to
the right, while ensuring a -20db/decade slope above Odb. It is
apparent that the breakpoint at 200 kHz is the limiting factor in
any such attempt. Furthermore, the cause of this breakpoint was
not clearly defined, but appeared to be attributable to such
factors as stray wiring capacitance, transistor junction capaci-
tance, and the like. A prelude to increased response capabili-
ties must therefore be the analysis of these types of factors,
and would no doubt result in requiring extreme care in the loca-
tion of components and associated wiring during fabrication of

a unit.

The resultant response of the simulator to changing load is il-
lustrated photographically in figures 7, 8 and 9 under various
conditions. The response time is typically 50 microseconds.

NOISE PROBLEMS

Electrical noise was a major concern in the design of the simula-
tor. After stabilization, the d-c output was found to exhibit

a considerable amount of undesired electrical noise. The prime
sources of this noise were inductor L1 and the magnetic oscilla-
tor consisting of Q9, Ql0, and associated components.

The inductor was located very close to current shunts R99 and
R100. These shunts had been connected in series as shown in
figure 10. Note that this connection formed a loop which was
capable of producing a voltage when subjected to a changing elec-
tromagnetic field. This induced voltage was fed directly to
operational amplifier A2. As a result of this injected signal,
the ripple appearing at the output of the simulator was of such
magnitude as to be unacceptable.

To reduce this effect as much as possible, the following action
was taken. First, a non-inductive current shunt was obtained.
This prevented the formation of a pickup loop since the output
terminals were adjacent to each other. Second, the output of

the shunt was increased by a factor of three in an attempt to
increase the signal-to-noise ratio. The resulting configuration
reduced the simulator noise output considerably. Figure 11 shows

the resulting output ripple under various degrees of simulator
loading.

15



Curresi
Shunt

FIGURE 10. Loop Formed by Series Connection
of Two Current Shunts

The noise injected into the system by the magnetic oscillator

required two distinct, corrective steps. First, the entire oscil-

lator circuit board was shielded with an aluminum cover to pre-
vent radiated noise. Second, the oscillator was isolated from
its power supply by means of an R-C filter in order to eliminate
the high rate-of-change of current in the power-supply line. Bs
a result, the peak noise caused by the oscillator was reduced to
the extent that it did not exceed the peak noise already present
at the output and shown in figure 11. Should it be desirable at
any time to disable the oscillator, an internal switch has been
provided for that purpose. Disabling the oscillator remcves the
protection feature of the power-limiting circuit to be described
in another section. This feature, however, is only necessary
when double output is required from the simulator.

THE POWER DISSIPATION LIMITER

As described previously in this report, a power-dissipation lim-
iter was recuired in conjunction with the power transistors in

16




FIGURE 11A. Simulator
output ripple under no-
load conditions

Horizontal: 5.0 msec/cm
0.5 volts/cm

FIGURE 11B. Simulator
output ripple with 27 amp
load applied

Horizontal: 5.0 msec/cm
Vertical: 0.5 volts/cm

17




order to limit their number to twenty five. As evident from fig-
ure 1, however, the power limiting action is not necessary unless
the simulator is required to deliver a short-circuit current ex-
ceeding 40 amperes. Referring to figure 2, the dissipation lim-
iter senses the voltage across the power transistors by means of
transformer TS5, and the current through the power transistors by
means of transformer T4. It utilizes a squarewave voltage source
supplied by the magnetic oscillator in a configuration sometimes
referred to as a transductor. Both transformers are merely satur-
able reactors which control the duration in which the sguare-wave
is applied to the full-wave bridges. The duration is controlled
in one case by the power-transistor voltage and in the other case
by the power-transistor current. The resulting signals are rec-
tified and filtered to produce voltages proportional to the var-
iables being sensed. The two variables are then multiplied by
allowing one to determine the pulse width, and the other the
pulse amplitude of the collector voltage of transistor Q7. The
average of the resulting waveform is proportional to the power
dissipation in the main transistors. When this voltage exceeds
that of reference diode CR29, base drive to the main transistors
is reduced, such that the resulting output characteristic re-
sembles that shown in figure 1.

ADDITIONAL PROTECTIVE FEATURES

In addition to the power dissipation limiter, a number of safety
features are incorporated in the simulator. Fuses protect both
power transformers in the event of abnormal loading. A circuit
breaker in series with the simulator output provides not cnly a
convenient ON-OFF control, but protects the simulator in the
event of a control circuit fault.

A free-wheeling diode, CR13, was incorporated to protect the
simulator against any unusual transients which may occcur during
inductive load switching.

Likewise, diode CR1l protects the main power and driver transis-
tors by allowing a capacitive-load discharge through transistor
Q3. Should this discharge ¢urrent exceed safe values, fuse F5
will open. This, in turn, will energize 15, resulting in a front
panel indication of the fuse failure.

Thermostatic switches S$3 and S4 are located on each of the forced-
alr cooled heatsinks. A failure of either of the main blowers
will cause one of the switches to open, thereby interrupting base
drive to the main transistors. Simultaneously, lamp 16 will be
energized to provide a front panel indication. The thermostatic

switches reset automatically as soon as the temrperature returns
to a safe level.

18




MECHANICAL CONSIDERATIONS

Figure 12 shows a photograph of the simulator front panel. All
controls were located for ease of access and readability, and
were minimized for simplicity. Thus, the front panel contains
a main power switch, an output circuit breaker, a control for
open circuit voltage and a control for short circuit current.

Four green indicator lamps are energized when all input voltages
are present, while two red indicator lamps are energized only
under the abnormal conditions described previously.

Figures 13 and 14 show rear and top views of the simulator in-
terior. The toggle switch located under the power receptacle

in figure 13 selects one of two taps on the main power trans-
former to allow operation from 208-volt or 240-volt, 3-phase,
60-cycle power sources. An incorrect switch position is not
harmful to the simulator, but may affect the output character-
istics under certain load conditions. It is therefore important
to maintain a check on the line-to-line voltage at periodic in-
tervals.

The input connector includes a neutral connection and a chassis
ground connection. The neutral connection may be connected, but
is not necessary under normal conditions. Figure 14 shows a
complete view of all fuses. Their location allows easy access
for visual inspection and replacement.

POSSIBLE IMPROVEMENTS

Several areas where improvements in operation may be realized
should be considered at this time. These are as follows:

1. A revised layout of the simulator components should
acknowledge those components and circuits which pro-
duce electrical noise as well as those which are sus-
ceptible to electrical noise. This action would fur-
ther reduce the undesirable signals injected into the
system such as those shown in figure 11.

2. A gain increase in the power-dissipation limiter loop
should be considered, in order to allow limiter opera-
tion closer to the constant~power limit curve shown as
a design objective in figure 2.

3. A detailed analysis of the uppermost breakpoint fre-
quency shown in figure 6 would determine the cause of

19
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FIGURE 12.

Front View of Simulator
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FIGURE 13. Rear View of Simulator With Access Door Open




FIGURE 14. Top View of Simulator With Access Door Open
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this breakpoint, and would dictate what action is re-
guired to improve the closed-loop response of the simu-
lator. The analysis should include the effect of wir-
ing capacitance, especially in light of the present
wiring arrangement, where the collector and base leads
to the power transistors run parallel. This arrange-
ment appears similar to the well known Miller-effect

in vacuum tubes, where the effect of the plate-to-grid
capacitance is multiplied by the gain of the device.

In any case, of course, the need for improvements must be con-
sidered in light of specific requirements.

CONCLUSIONS

The principal objectives of this project were to develop a d-c
power supply capable of simulating both the static and the dy-
namic characteristics of a solar-cell array. A major design
problem was to obtain the transient response capability typical
of a solar cell. To obtain a response of this magnitude required
a very careful selection and placement of components to (a) make
the system least susceptible to noise, and (b) to reduce the
effects of stray capacitance.

Although slight improvements in such areas as frequency response
could be obtained as discussed previously, it is believed that
the simulation of solar-cell array characteristics to the extent
accomplished by this simulator represents a state-of-the-art
demonstration of power supply capabilities not previously at-
tempted.
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APPENDIX
PARTS LIST
Reference
Designation Description
Al, A2 Operational Amplifier
Capacitors
cla, C1B 100 wvDC 2250 MFD
c2, Cl19 47 MFD 50V
c3a, C3B, C8 100 MFD 25V
c4, C5, Cl6 1 MFD 35V
ce, C7 1 MFD 150V
Cl2 1.5 MFD 50V
C9 1 MFD 220V
cl0, Ci11 2 MFD 220V
Ccl13, Cl4, C15 0.01 MFD
C1l7 200 PF
C1s 0.0050 MFD
CB1 Circuit Breaker - 90A
Diodes

CR1l, CR2, CR3, CR4,

CRS5, CR6 1N1184
CR7, CR8, CR14, CR16,

CR21-28, CR32-35,

CR39-42 1N645
CR9 1N3026B
CR10, CR15 1N3024B
CR1l1l, CR13 1N1200
CR30, CR38 8.2V Reference
CR29 4.7V Reference
CR37 1N2982B
Fuses
Fi-F3 20 amp
F4 1 amp
F5 0.125 amp
F101-F125 5 amp
I11-14 Lamp 110V
I5-16 Lamp 60V
Jl Connector
Ll Filter Choke
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Reference

Designation

M1
M2

Pl

Ql, Q101-Q1l25

Q2
04,
Q5
Q3

R1
R2
R3
R40,
R5
R7,
RS,
R9
R10
R11,
R12,
R13,
R14,
R15,
R16
R17,
R34
R19
R26
R28,
R30
R38
R31
R35
R36
R37
R60
R42,
R45
R46
R47,
R48
R50
R51

06-Q11

R41
R27,
R39

R20,
R22
R23
R24
R25,

R33

R62

R52

R49,

R29,

R21

R44

R43,

R54,

R59

R64

26

Description

Meters
0-80V
0-100V

Connector

Transistors
2N2758
2N3430
2N2102
2N3494
MHT 6310

Resistors
10K Variable
200K 1/2W CC
12 1w CC
10K 1/2W CC
51K 1/2W CC
5.1K 1/2W CC
6.2K 1/2W CC
51 1/2wW CC
10K Variable
1 MEG Variable
500K Variable
250K Variable
50K Variable
5K Vvariable
1 MEG 1/2W CC
39K 1/2wW CC
3K 1/2w CC
230 OHM 20W WW
100 1/2W CC
510 1/2wW CC
50K Variable
300 1/2w CC
27K 1/2wW CC
1100 5W WW
5000 1W WwW
2K 1w CC
11K 1/2wW CC
20K 1/2wW CC
75 5W WW
200 1w CC
2K 1/2W CC
1K 10W WW
200 1/2wW CC
91 1w CC



Reference
Designation

[ R53, R66-R70

/ R55
R56

‘ R57
R65
R61
R6

| R4

/ R63
R32

[ R71
R72

' R99

R100
R101-R125
Sl

S2

53,54

S5

Tl

T2

! T3

T4
T5

B1l, B2
B3
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Description

Resistors {(Cont.)
100 50W WW
10 1/2W CC
30K 1/2wW CC
510K 1/2W CC
50K Variable
18K 1/2W CC
1K 1/2W CC
7.5K 1/2W CC
3.9K 1/2wW CC
820 1/2wW CC
20 OHMS 1w CC
47 OHMS 1w CC

Non-Inductive Shunt 100A
300 MV

Shunt 100A 50 MV
Resistor 3 OHMS 50W WW

Switches
4PST
4PDT

Thermostat 90° C
Switch SPST

Transformers
Main Power
Auxiliary Power
Magnetic Oscillator
Current Sensing
Voltage Sensing

Blowers
Heat Sink
Transformer
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